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[40121/00802] 

SUPERCONDUCTING TRANSFORMER 

[0001] The present application is a continuation-in-part of a U.S. Patent Application 
5 Serial No. 10/239,232 filed September 20, 2002, entitled "SUPERCONDUCTING 

TRANSFORMER", the specification of which is expressly incorporated herewith by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a transformer and in particular to a 

10 superconducting transformer. 

[0003] The invention has been developed primarily as a power transformer and will be 
described hereinafter with reference to that application. However, the invention is not limited to 
this particular field of use and is also suitable for a transformer requiring high efficiency (that is, 
low electrical losses), low impedance, or a low external flux leakage. The invention is also 

15 applicable to a transformer used in a high-frequency and/or a high current application. In 

particular, the invention has application to certain transformers with leakage magnetic fields that 
are too large to leverage the significant benefits afforded by twisted filament superconductor. 

BACKGROUND INFORMATION 

20 [0004] As is known, when two windings or, generally, any two conductors, are placed 

side-by-side in close proximity and the first is powered with an AC current, the second will 
develop an EMF according to Faraday's law. This EMF is developed via the magnetic field 
created from the current travelling in the first conductor. The EMF will accordingly cause 
current to flow in the second winding via the relation 1\N\ = I2N2, where I represents the current 

25 in each respective winding and N represents the number of turns in each winding. 

[0005] In the case of a transformer, the ends of the second (or "secondary") winding are 
closed to form a complete circuit. Moreover, the current induced in the second winding also 
produces a magnetic field, but this field will oppose the field produced by the first winding in 
accordance with Lenz' law. 
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[0006] In many transformers, the common centre is occupied by iron in a closed loop. 
This is done to present a path of least reluctance for the closed lines of magnetic field to flow. 
This path is commonly referred to as a low reactance path. 

[0007] The component of the net magnetic field which does not follow the path of least 
5 reluctance is denoted the "magnetic field". However, as will be appreciated by the skilled 

addressee, this is also known as the "leakage field" or "transformer magnetic field". The magnetic 
field is not strictly uniform; for the most part, it is concentrated between the windings and acts 
substantially in an axial direction relative to the windings. 

[0008] Since both transformer windings generate opposing magnetic fields, a cancellation 
10 occurs - at least to some degree - that results in a net leakage flux. The net leakage flux may be 
reduced by minimising the distance between the primary and secondary windings or, if there are 
more than two windings, by minimising the maximum separation between any two of them, while 
allowing sufficient electrical insulation between them. 

[0009] The net leakage flux results in AC losses when superconducting materials are 
15 employed due to the AC nature of the current and voltage. In essence, these losses result because 
superconductor material is inherently a "non-reversible" material, and possesses a hysteresis loop 
of finite area. AC losses fall into the following three categories: hysteresis losses; coupling 
currents; and eddy currents. 

[0010] Hysteresis losses develop due to the non-reversible magnetisation of the 
20 superconductor in a time varying magnetic field. In the sinusoidal steady state (SSS) characterised 
by a certain frequency, hysteresis losses are substantially fixed with respect to that frequency. 
However, hysteresis losses depend, in a complex way, on the arrangement of the conductors and the 
magnitude and direction of the magnetic field. 

[0011] In general, it has been found that hysteresis losses are often proportional to the first 
25 or second power of a magnetic field reduction. 

[0012] Coupling currents result from time- varying electrical fields, and represent loops 
of current where part of the loop is through a superconducting medium and part through a 
normally conductive medium. For example, coupling currents arise in a multi-filament twisted 
superconducting tape in a metal, or metal alloy, matrix in a 20 mT to 80 mT magnetic field. As 
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the loops of coupling current cross through this medium, a resistive power loss - that is, the 
coupling current loss - results. 

[0013] In the SSS, and between 20 mT and 80 mT, the coupling current loss associated 
with a multi-filament twisted superconducting tape is proportional to the square of the magnetic 
5 field amplitude. Outside this range, twisted filaments do not decouple and, therefore, there are 
no coupling currents and no coupling current losses. 

[0014] The final substantial source of losses result from eddy currents. Eddy currents 
result from loops of current that flow entirely in the conducting material and thereby exhibit 
conventional resistive losses. 
10 [0015] Eddy current losses in the SSS, expressed in joules per cubic metre, are 

proportional to the square of the magnetic field (as well as to the second power of the frequency). 
Hence, halving the magnetic field will reduce the eddy current losses by a factor of four. 

[0016] Design principles are generally employed to render eddy current losses very small 
compared to superconductor losses, which is particularly true in the design of conventional 
15 transformers. Since eddy current loss can generally be reduced to a small component of the total 
AC loss by using well-established techniques, this document largely focuses on hysteresis losses 
and coupling current losses - which are collectively referred to as "superconductor losses" (or 
"superconductor loss"). 

[0017] Superconductor loss (that is, the sum of hysteresis loss and coupling current loss) 
20 obeys well understood laws when the superconductors are comprised of straight filament tapes 
and/or when the superconductor is exposed to a magnetic field amplitude less than about 20 mT 
or greater than about 80 mT. Straight filament tapes are those where the filaments are parallel to 
the axis of the conductor itself 

[0018] In these scenarios, superconductor loss merely demonstrates a linear relationship 
25 with magnetic field. For example, reducing the magnetic field by half merely results in a halving 
of superconductor loss. 

[0019] The reason the effect is merely linear is because the superconductor loss reduction 
in these scenarios is composed almost entirely of hysteresis loss. Unfortunately, the coupling 
loss is only negligible. 
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[0020] It is possible to reduce superconducting losses significantly by employing certain 
techniques. Two techniques are: twisting, to reduce hysteresis losses; and the use of highly 
resistive matrix materials, to reduce coupling current losses. 

[0021] Hysteresis losses are able to be reduced by a factor of 2 to 6 by imparting a twist 
5 into the filaments of a superconductor. In essence, when twisted, the individual filaments behave 
magnetically as distinct units rather than as a large "block" since each does not occupy any one 
place within the cross section of matrix. Importantly, such reductions are only achievable in a 
limited window between 20 mT and 80 mT. The actual loss being largely dependent on the twist 
pitch employed, and the number of layers of filaments within the superconductor. 

10 [0022] On a related note, the twist pitch is ideally chosen to be as small as possible, but a 

twist pitch significantly smaller than the nominal dimension of the superconductor (for example, 
the diameter of a wire, or the width of a tape) will degrade its current carrying capacity. 
Experimentally and theoretically, the minimum of twist capable of reducing hysteresis losses has 
been found to be in the of 4 to 6 mm range. 

15 [0023] The employment of highly resistive matrix materials has been shown to reduce 

coupling current losses. Although the scientific understanding of why some matrix materials are 
more effective than others is not fully understood, it is believed that it is best to increase the 
matrix resistivity as much as possible to block the lossy coupling currents from flowing. 

[0024] There are certain limitations inherent in the above mentioned loss reduction 

20 techniques. For example, these methods only reduce superconducting losses within a limited 
magnetic field amplitude range of 20 mT to 80 mT; a window far too small to be effective in a 
large power transformers (which typically deliver more than 10 MVA and generate magnetic 
fields between 200 mT and 500 mT). 

[0025] The above discussion of the prior art is intended to provide the addressee with 

25 some context and is not to be taken as an admission of the state of common general knowledge in 
the art. 
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SUMMARY OF THE INVENTION 

[0026] It is an object of the present invention to overcome or ameliorate at least one of 
the disadvantages of the prior art, or to provide a useful alternative. 

[0027] In particular, it is an object to set forth a transformer, and a method for creating a 
5 transformer, that demonstrates a substantial reduction in AC losses in a magnetic field window. 

[0028] According to a first aspect of the invention there is provided a superconducting 
transformer including a first primary winding for electrically connecting with an alternating 
power source, and having a first plurality of turns of superconducting tape; a second primary 
winding for electrically connecting with the source and extending, and having a second plurality 
10 of turns of superconducting tape; a first secondary winding for electrically connecting with a 
load, the first secondary winding magnetically coupled to the first primary winding and having a 
third plurality of turns of superconducting tape; a second secondary winding for electrically 
connecting with the load, the second secondary winding magnetically coupled to the second 
primary winding and having a fourth plurality of turns of superconducting tape; a sheath 
15 surrounding all of the windings; and wherein the first primary winding, the second primary 
winding, the first secondary winding, and the second secondary winding are concentrically 
nested; and wherein each respective winding is comprised of a twisted filament superconductor 
having one or more filaments. 

[0029] According to a second aspect of the invention there is provided a superconducting 
20 transformer including: 

a first primary winding for electrically connecting with an alternating power source, and 
having a first plurality of turns of superconducting tape; 

a second primary winding for electrically connecting with the source, and having a second 
plurality of turns of superconducting tape; 
25 a first secondary winding for electrically connecting with a load, the first secondary 

winding magnetically coupled to the first primary winding and having a third plurality of turns of 
superconducting tape; 
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a second secondary winding for electrically connecting with the load, the second 
secondary winding magnetically coupled to the second primary winding and having a fourth 
plurality of turns of superconducting tape; 

a sheath surrounding all of the windings; and 
5 a high resistive matrix metal, which carries coupling currents between the filaments, 

embedded in the superconductor; 

wherein the first primary winding, the second primary winding, the first secondary 
winding, and the second secondary winding are concentrically nested; 

wherein each respective winding is comprised of a twisted filament superconductor 
10 having one or more filaments; and 

wherein the high resistance matrix metal is largely composed of pure silver and is a metal 
alloy; and 

a coupling current loss in the window of the transformer's magnetic field is reduced - 
compared to an identical transformer having a matrix of pure silver without alloying elements - 
15 by the high resistance matrix metal. 

[0030] According to a third aspect of the invention there is provided a method of 
producing superconducting transformer including: 

forming a first primary winding for electrically connecting with an alternating power 
source, and having a first plurality of turns of superconducting tape; 
20 forming a second primary winding for electrically connecting with the source, and having 

a second plurality of turns of superconducting tape; 

forming a first secondary winding for electrically connecting with a load, the first 
secondary winding magnetically coupled to the first primary winding and having a third plurality 
of turns of superconducting tape; 
25 forming a second secondary winding for electrically connecting with the load, the second 

secondary winding magnetically coupled to the second primary winding and having a fourth 
plurality of turns of superconducting tape; 

placing a sheath surrounding all of the windings; and 
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wherein the first primary winding, the second primary winding, the first secondary 
winding, and the second secondary winding are concentrically nested and each respective 
winding is comprised of a twisted filament superconductor having one or more filaments. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] Preferred embodiments of the invention will now be described, by way of 
example only, with reference to the accompanying drawings in which: 

Figure 1 is a schematic perspective view of a transformer according to the invention; 
Figure 2 is a schematic perspective view of another embodiment of the transformer of 
10 Figure 1; 

Figure 3 is a schematic perspective view of another embodiment of the transformer of 
Figure 1; 

Figure 4 is a schematic perspective view of an alternative embodiment of a 
superconducting transformer according to the invention; 
15 Figure 5 is a schematic perspective view of another embodiment of the transformer of 

Figure 4; 

Figure 6 is a schematic perspective view of an alternative embodiment of the transformer 
of Figures 1, 2 or 3; 

Figure 7 is a plot of the magnetic field impinging on the superconducting windings of the 
20 transformer of Figure 1 as a function of the axial position of the windings; 

Figure 8 and Figure 9 are respective plots of the magnetic field for a winding according to 
the invention and a prior art winding; and 

Figures 10(a) to 10(e) are respective graphs showing the reduced AC losses of some 
embodiments of the invention. 

25 

DETAILED DESCRIPTION 

[0032] A preferred embodiment of the invention utilises interleaving of windings to 
leverage the potential benefits of superconducting loss-reducing techniques. Accordingly, 
several interleaving configurations, the core gaps, tapes and filaments will first be discussed, 
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therefore turning to the interplay of the nesting with twisting techniques and certain stabilising 
metals. 

[0033] Referring to Figure 1, there is provided a superconducting transformer including 
two pairs of axially extending windings 1, 2, 3 and 4. The windings are each in the form of a 
5 right cylindrical solenoid having a circular cross-section which are substantially concentrically 
nested. 

[0034] In other embodiments, the windings are cylindrical with a square cross-section. 
In yet other embodiments, the windings are cylindrical with a polygonal cross-section. 

[0035] Each winding includes a plurality of turns formed from superconducting tape. 
10 Each winding respectively includes a first end and a second end 5 and 6, 7 and 8, 9 and 10, and 
1 1 and 12 which are configured for electrical connection with at least one of the other ends, an 
alternating power source 13, a load 14, or other passive or active electrical components. 

[0036] The transformer includes a first axially extending primary winding 1 
corresponding to the outermost winding and a first axially extending secondary winding 2 nested 
15 within the first primary winding. A second axially extending primary winding 3 is nested within 
the first secondary winding 2. A second axially extending secondary winding 4 is nested within 
the second primary winding 3 such that the second secondary winding 4 corresponds to the 
innermost winding. 

[0037] Alternate windings are respectively configured for electrical connection to the 
20 alternating power source and the load. That is, ends 5 and 6, and 9 and 10 are configured for 
electrical connection to source 13. Ends 7 and 8, and 1 1 and 12 are respectively configured for 
electrical connection to load 14. The ampere turns of windings 1 and 3, and 2 and 4 are 
substantially the same. 

[0038] Alternate windings 1 and 3 are electrically connected by superconducting tape in 
25 series at ends 6 and 10, and ends 5 and 9 are respectively connected across source 13. Similarly, 
alternate windings 2 and 4 are electrically connected by superconducting tape in series at ends 8 
and 12, and ends 7 and 1 1 are electrically connected across load 14. 



[0039] The transformer further includes three predetermined gaps 15, 16 and 17 which 
define the radial separation of the nested windings. A predetermined core gap 18 defines the 
diameter of the second secondary, or innermost, winding 4. 

[0040] Referring to Figure 2, where corresponding features are denoted by corresponding 
5 reference numerals, there is illustrated a transformer including three pairs of axially extending 
windings. A third axially extending primary winding 19 is nested within winding 4 and includes 
two ends 21 and 22 respectively configured for electrical connection with at least one of the other 
ends, source 13, load 14, or other passive or active electrical components. A third secondary 
winding 20 is nested within winding 19 and includes two ends 23 and 24 which are respectively 
10 configured for electrical connection with at least one of the other ends, source 13, load 14, or 
other passive or active electrical components. 

[0041] A fourth and fifth predetermined gap 26 and 27 respectively define the radial 
separation of the nested windings. That is, gap 26 defines the space between winding 4 and 19, 
and gap 27 defines the radial separation between winding 19 and 20. In this embodiment, the 
15 core gap 18 corresponds to the inner diameter of winding 20. 

[0042] Winding 19 and 20 each include substantially the same number of ampere turns 
as winding 1 and 2, and winding 3 and 4. 

[0043] The alternate windings, being electrically connected by superconducting tape in 
series, are configured such that ends 9 and 21, and ends 6 and 10 are electrically connected, and 
20 ends 5 and 22 are electrically connected across source 13. The other alternate windings, also 
being electrically connected by superconducting tape in series, are configured such that ends 1 1 
and 23, and ends 8 and 12 are electrically connected, and ends 7 and 24 are electrically connected 
across load 14. 

[0044] The five gaps 15, 16, 17, 26 and 27 and core gap 18 are filled with air. In other 
25 embodiments, gap 18 is occupied substantially by a material for concentrating the magnetic field. 
In yet other embodiments, the material occupies substantially all of the gaps. Alternatively, the 
gaps are occupied by liquid nitrogen, liquid helium, liquid neon, or other suitable cryogen. 

[0045] As shown in Figure 6, the transformer includes a pair of opposed and coplanar 
closed loops 80 and 81 formed from the material and sharing a common portion 82. As shown, 
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portion 82 occupies a substantial volume of gap 18. The material in this embodiment is iron 
although, in other embodiments the material is a ferrite substance. 

[0046] Other alternative embodiments employ gap 1 8 as a conduit to transport cryogen, 
in the form of liquid nitrogen, for cooling the windings. This occurs both instead of or in 
5 addition to the disposition of the material in gap 1 8. 

[0047] Referring to Figure 3, there is illustrated a transformer including three pairs of 
substantially concentrically nested windings 1, 2, 3, 4, 19 and 20. Primary windings 1, 3 and 19 
are respectively electrically connected together in parallel to source 13 by means of electrical 
connection at ends 5 and 6, 9 and 10, and 21 and 22. 
10 [0048] Similarly, ends 7 and 8, 1 1 and 12, and 23 and 24 of windings 2, 4 and 20 are 

each respectively connected across load 14. 

[0049] Referring to Figure 4 there is illustrated another aspect of the superconducting 
transformer including an axially extending primary winding 38 having a plurality of axially 
extending windings 40 and 41. The windings are substantially concentrically nested circular 
15 cross-sectioned solenoids. Each winding 40 and 41 includes a plurality of turns of 

superconducting tape having ends 44 and 45, and 46 and 47 which are respectively configured 
for electrical connection to source 13. 

[0050] The transformer further includes an axially extending secondary winding 39 
disposed coaxially with and longitudinally spaced apart from winding 38. Winding 39 includes a 
20 plurality of axially extending windings 42 and 43. These windings are substantially 

concentrically nested circular cross-sectioned solenoids. Each winding 42 and 43 includes a 
plurality of turns of superconducting tape having ends 48 and 49, and 50 and 51 which are 
respectively configured for electrical connection to load 14. 

[0051] Windings 40 and 41 in winding 38 are electrically connected in series by having 
25 ends 45 and 47 electrically connected with superconducting tape. The other ends 44 and 46 of 
windings 40 and 41 are electrically connected across source 13. 

[0052] Similarly, windings 42 and 43 of winding 39 are electrically connected by in 
series by having ends 49 and 5 1 electrically connected by superconducting tape. Other ends 48 
and 50 of windings 42 and 43 are electrically connected across load 14. 
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[0053] In other embodiments, not shown, ends 44 and 45 of winding 40 and ends 46 and 
47 of winding 41 are each electrically connected in parallel across source 13. Similarly, ends 48 
and 49 of winding 42 and ends 50 and 51 of winding 43 are each electrically connected in 
parallel across load 14. 

5 [0054] The transformer includes a first gap 53 and a second gap 54 which respectively 

correspond to the radial separation of the windings 40 and 41 and windings 42 and 43. Winding 
38 includes a first predetermined core gap 55 which corresponds to the inner diameter of winding 
41. Similarly, winding 39 includes a second predetermined core gap 56 corresponding to the 
inner diameter of winding 43. 

10 [0055] Referring to Figure 5, there is illustrated an alternative embodiment of the 

transformer of Figure 4 where winding 38 includes a third winding 60 which is substantially 
concentrically nested within winding 41. Winding 39 also includes a third winding 63 substantially 
concentrically nested within winding 43. Windings 60 and 63 are formed from superconducting 
tape into a circular cross-sectioned solenoid and respectively include ends 61 and 62, and 66 and 67 

15 which are configured for electrical connection to at least one of the other ends, source 13, load 14, 
or other passive or active electrical components. 

[0056] The transformer further includes a third gap 64 which defines the radial 
separation of windings 41 and 60 and a fourth gap 65 which defines the radial separation of 
windings 43 and 63. In this embodiment, core gaps 55 and 56 respectively define the inner 

20 diameter of windings 60 and 63. 

[0057] The ampere turns of windings 60 and 63 are substantially the same as the ampere 
turns of windings 40 and 42, and windings 41 and 43 respectively. 

[0058] The constituent windings of winding 38 are electrically connected in series and 
subsequently connected across source 13. That is, ends 46 and 60 are electrically connected by 

25 superconducting tape, ends 45 and 47 are electrically connected by superconducting tape, and ends 
44 and 61 are respectively connected across source 13. Similarly, in winding 39, windings 42, 43 
and 63 are electrically connected in series by superconducting tape and are electrically connected 
across load 14. That is, ends 50 and 66 are electrically connected by superconducting tape, ends 49 
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and 51 are electrically connected by superconducting tape, and ends 48 and 67 are respectively 
connected across load 14. 

[0059] In other embodiments, ends 44 and 45, 46 and 47, and 60 and 61 are respectively 
electrically connected across source 13. Ends 48 and 49, 50 and 51, and 66 and 67 are 
5 respectively electrically connected across load 14. 

[0060] The ampere turns of windings 40 and 42 are substantially the same as the ampere 
turns of windings 41 and 43, and windings 60 and 63. 

[0061] Gaps 53, 54, 64 and 65, as well as core gaps 55 and 56, are filled with air. In 
other embodiments, however, these gaps are occupied by air and a material occupies the volume 
10 of core gaps 55 and 56. In yet other embodiments, all of the gaps and the core gaps are filled 
with the material. 

[0062] The transformer includes a pair of opposed and coplanar closed loops 80 and 81 
formed from the material and sharing a common portion 82 which is configured to occupy a 
substantial volume of the predetermined core gaps. The material is iron, however, in other 
15 embodiments the material is ferrite. 

[0063] In further embodiments of the invention, the volume corresponding to core gaps 
55 and 56 is used as a conduit to transport cryogen, in the form of liquid nitrogen, to cool the 
windings from the inside out. Alternatively, liquid neon or helium, or the like may be used as the 
cryogen. 

20 [0064] In some further embodiments, not illustrated, the volume occupied by the 

predetermined core gaps is filled with air and the transformer is disposable within a hollow and 
substantially toroidal cooling chamber. The chamber has an open centre portion that is 
configured for receiving common portion 82 of loops 80 and 81 so that the material occupies at 
least part of the volume of core gaps 55 and 56. Further, the hollow portion is configured to 

25 receive not only the transformer, but also to receive cryogen in the form of liquid nitrogen. 

[0065] The superconducting tape which forms windings 1, 2, 3, 4, 40, 41, 42, 43, and 60 
and 63 is of the powder-in-tube type. Accordingly, the tape includes a plurality of longitudinally 
extending filaments of superconducting material embedded in a metal in some preferred 
embodiments and in a metal alloy based matrix in other preferred embodiments. In some preferred 



embodiments, the metal is silver, and in others it is gold. In some preferred embodiments, the 
metal alloy is silver alloy, and in others metal alloy is gold alloy. In other embodiments, alloys are 
at least one of Aluminium (Al), Antimony (Sb), Copper (Cu), Gold (Au), Manganese (Mn), 
Magnesium (Mg), Palladium (Pd), Nickel (Ni), and Zirconium (Zr). 
5 [0066] The filaments within the superconducting tape are twisted to a pitch P which is 

appropriate for the particular design. For example, higher magnetic field designs will require 
superconductors with a smaller filament pitch. 

[0067] In a preferred embodiment, the thickness of each filament is less than 40 microns 
and the overall tape thickness ranges from 0.10 mm to 1.20 mm. In other embodiments, the 

10 overall tape thickness is 0.20 mm to 1 .20 mm and the tape width is 1 .8 mm to 20 mm. The 
superconducting material employed in the superconducting tape is BSCCO-2223. 

[0068] In some embodiments, it is necessary to place a number of superconducting tapes in 
a given winding in parallel. In particular, secondary windings 2, 4, 20, 42, 43, or 63, include a 
plurality of tapes in parallel when, for example, the primary winding can only be driven by 40 

15 Amps and the secondary winding is required to conduct 120 Amps. In such an example, three tapes 
need be put in parallel to provide the necessary current carrying capacity. However, in this and 
other arrangements, it is preferred to transpose the three tapes at every third of the length of the 
secondary winding to equalise the impedance presented by each conductor. 

[0069] In another example, should 200 Amps be required in the secondary winding and the 

20 primary can only be driven by 40 Amps, then five tapes would need to be placed in parallel in the 
secondary winding and each tape transposed every fifth of the total length of the winding. Further, 
in this and other embodiments it is preferable for the individual tapes are electrically insulated from 
each other. 

[0070] The combination of individual tape insulation and transpositioning significantly 
25 reduces eddy current loss through the elimination of current flow from conductor to conductor. The 
transpositioning forces the current to split evenly between the five tapes, which would otherwise 
result in the non-uniform distribution of current amongst the tapes and severely overload one or two 
tapes at the expense of the other three. 
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[0071] It will be appreciated by those skilled in the art that any superconducting tape or 
wire may be employed in windings of the superconducting transformers disclosed herein. 
Examples of such wires and tapes are disclosed in the PCT patent applications having the 
publication numbers W099/481 15, W099/481 16, W099/481 17 and W099/48159 and are herein 
5 incorporated by way of cross reference. 

[0072] By providing a plurality of nested windings, each turn of the conductor within each 
winding is arranged closer to each compensating turn of the other winding, significant reductions in 
the magnetic field may be obtained. 

[0073] In general, for the primary and secondary winding each including a pair of 
10 windings, the impedance of the transformer will be reduced by approximately half. For the case 
where each of the primary and secondary windings each include three concentrically nested 
windings, the transformer will provide one third of the impedance. Similarly for four windings in 
each of the primary and secondary windings, the impedance will be reduced by a factor of 4. 

[0074] For example, consider a superconductor transformer employing a standard winding 
15 arrangement having a single primary and single secondary winding that produces a 300 mT peak 
field amplitude and a total superconductor loss of Q. By employing a single level of nesting, peak 
field amplitude is reduced to 150 mT; two levels of nesting reduce the peak field amplitude to 75 
mT; and three levels of nesting reduce the peak field amplitude to 38 mT. 

[0075] As stated earlier, hysteresis loss reductions will be proportional to the reduction in 
20 peak field amplitude, between a factor of one and four, depending on a number of factors. 

Accordingly, the hysteresis loss will be at least halved each time an additional level of winding is 
added; (that is, the hysteresis loss will be reduced by up to (l/2) x , where x is the number of levels of 
interleaving. 

[0076] As described herein, the technique is not limited to subdividing the primary and 
25 secondary windings into pairs of concentrically nested sub-windings. Indeed, up to N/2 levels of 
interleaving can be used, where N is the total number of turns in a winding. 

[0077] Employing this technique requires each turn to be placed as close together as 
possible with respect to the clearance required between them due to the voltage levels - next to its 
partner turn in the other winding. However, because of the need to insulate the windings, the 
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number of windings included in each of the primary and secondary windings is commercially 
speaking - although not necessarily physically per se - limited to approximately three windings 
each. 

[0078] By employing a twisted filament, a transformer's (or other devices') hysteresis 
5 losses can be reduced dramatically further; that is, they are 2 to 6 times less - as compared to 
comparable non-twisted transformers. Importantly, since this added reduction from twisting only 
occurs in a limited window of the transformer's magnetic field amplitude; (that is 20 mT to 80 mT 
in a preferred embodiment), the invention employs interleaving to reduce the magnetic field to a 
level where such benefits are captured. 
10 [0079] Although twisting actually increases coupling current losses in this window- 

which are zero without twisting - the reduced hysteresis losses always outweigh the coupling 
current increases. Thus, on balance, twisting consistently reduces superconducting losses. 

[0080] Examples of AC devices include transformers with a 1 : 1 winding arrangement 
such as fault current limiting transformers. Other applications include at least: step-up 
15 transformers, generator transformers, furnace transformers, rectifying transformers, and phase 
change transformers. 

[0081] In the above example of the transformer with three levels of nesting (and therefore a 
reduced field of 38 mT), hysteresis loss is reduced to approximately 1/8 of its original amount - i.e. 
a (1/2) 3 reduction - due to the nesting alone. However, by employing twisted filament and 
20 interleaving the transformer's winding to bring the magnetic field into the 20 mT to 80 mT window 
where the hysteresis advantages of twisting are leveraged, the hysteresis loss is further reduced to 
1/16 (i.e. Q/8 x Vi) to 1/48 (i.e. Q/8 x 1/6) of its original amount - depending on the tape used (that 
is, the exact superconductor used - twist pitch and matrix material). 

[0082] Continuing with this example, coupling current losses - resulting from the twisted 
25 filaments - will actually increase as the magnetic field amplitude first reduced into the 20 to 80 mT 
window. However, interleavings added once the 80 mT window is entered will then cause a l A 
reduction in the coupling current that has arisen. 

[0083] The AC loss reduction will be always a positive one. For example, the magnitude 
of the reduced hysteresis losses will always outweigh the increase in coupling current losses when 
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the 80 mT window is first entered. Likewise, further interleavings will result in both a reduction in 
hysteresis losses (1/2 to 1/6 for each level of interleaving) and a reduction in coupling current losses 
QA for each additional level of interleaving). 

[0084] Accordingly, if the magnetic field begins above 80 mT, upon entering the 20 mT to 
5 80 mT window, the AC loss will be: 

[0085] Hysteresis Loss x {{x / 2 f M ^ M ^^^ x (1/2 to 1/6) 

- Added Coupling Current Loss 
= AC Loss Reduction 

= Superconducting Loss Reduction 
10 [0086] Further interleavings within the 20 mT to 80 mT range result in losses of: 

Hysteresis Loss x ((1/2) tota,# of leve,s of x (1/2 to 1/6) 

- Added Coupling Current Loss 

+ Added Coupling Current Loss x ((l/2) 2x(# of ,evels of interleaving after entering ™ ndow) ) 

= AC Loss Reduction 
1 5 = Superconductor Loss Reduction 

[0087] Moreover, as further explained below, coupling current losses may be further 
reduced by adding matrix alloys to increase path resistance. 

[0088] A preferred embodiment of the invention reduces coupling current by using 
certain stabilising metals and alloys. In essence, this reduction is accomplished by increasing the 
20 resistance in the coupling current path, as explained below. 

[0089] Superconductors are embedded in stabilising metals or alloys for obvious 
commercial reasons. However, in AC applications, such as transformers, these stabilising 
materials actually participate electro-magnetically by carrying coupling currents which flow 
between the filaments, and then along the superconductor. Thus, part of the coupling current 
25 path is superconducting, and part is through the metal or alloy matrix. In this way, the coupling 
currents give rise to a loss - as would any current flowing in a metal - which is inversely 
proportional to the resistance of the matrix material. 

[0090] In light of the above, coupling current losses are reduced by adding a relatively 
high resistance alloy to the non-superconducting path. The degree to which the coupling current 
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losses are reduced depends on the alloy or combination of alloys used. These alloys include at 
least: Aluminium (Al), Antimony (Sb), Copper (Cu), Gold (Au), Manganese (Mn), Magnesium 
(Mg), Palladium (Pd), Nickel (Ni), and Zirconium (Zr). Further, the range of coupling current 
loss reduction is from 0.001% to 100%. 
5 [0091] The percentage of alloy added to the silver at least depends on the alloy added. 

For example, in alternative embodiments, the amount of gold added is up to 7 wt%; whereas 
other alloys are in the 0.2 to.5 wt% range. Thus, if the magnetic field begins above 80 mT, upon 
entering the 20 mT to 80 mT window, the AC loss will be: 

Hysteresis Loss x ^ m f Q ^ M ^ x (1/2 to 1/6) 

10 - (0.001 to 0.999) x (Added Coupling Current Loss) 

= AC Loss Reduction 

= Superconductor Loss Reduction 

Further interleavings within the 20 mT to 80 mT range result in losses of: 
Hysteresis Loss x (( i/2f tal# ° nevelsofinterleavin g) x (1/2 to 1/6) 
1 5 - Added Coupling Current Loss 

+ (0.001 to 0.999) x Added Coupling Current Loss x 

((l/2) t0ta ^ # °f 1 eve,s of interleaving after entering window^ 

= AC Loss Reduction 

= Superconductor Loss Reduction 
20 [0092] Importantly, as alluded to above, these alloys have little or no benefit if twisting is 

not used and the magnetic field amplitude is not in the 20 mT to 80 mT range. If the filaments 
are too close, coupling currents do not flow between them, and the whole filamentary structure 
behaves as one large filament for the purposes of measuring the AC loss. 

[0093] The graphs of Figure 10 have been produced from a number of embodiments of 
25 the invention where use is made of twisting and interleaving. The graphs provide both 
logarithmic and linear forms, and some changes to the extremities of the scales used, to 
demonstrate the differences between the embodiments, the theory based calculations, and the 
control samples. 
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[0094] Figure 10(a) compares the AC loss components of a 37 filament twisted tape 
(with a pitch of 10 mm) and a straight filament pure silver matrix tape. Figure 10(c) is the same 
data plotted with a linear scale. The twisted 37 filament HTS tape has a pitch of 10 mm, a sheath 
consisting of an alloy of silver and magnesium of 0.15-0.2 % by weight, and a matrix consisting 
5 of pure silver. This resulted in a 1/3 hysteresis reduction (relative to control samples), and in an 
overall total AC loss reduction by a factor of 2. The test results reflect 5 cm long tapes, 0.30 mm 
thick by 3.4 mm wide. 

[0095] Figure 10(b) relates to a twisted 37 filament HTS tape with a pitch of 4 mm, a 
sheath consisting of an alloy of silver with magnesium (element = Mg) at 0.15-0.2 % by weight, 

10 and a matrix consisting of Silver with Antimony (element = Sb) 0.2 % by weight. That is, the 
matrix is mostly pure silver, with small amounts of alloy added. This embodiment resulted in a 
1/10 AC reduction (relative to control samples). The test results reflect 5 cm long tapes, 0.30 
mm thick by 3.4 mm wide. Figure 10(d) plots the data of Figure 10(b) on a linear scale. Figure 
10(d) is included to demonstrate the relative performance using different extremities for the x- 

15 axis. 

[0096] Figure 10(e) is similar to Figure 10(d), although with a different scale. 

[0097] The above Figures 10(a) to (e) allow a comparison to be made between the total 
loss of the twisted filament tapes according to the embodiments of the invention and the total loss 
of the control sample - with the latter being a straight filament tape having pure silver matrix. This 
20 comparison shows that the pure silver matrix twisted filament tape (with a pitch P = 10 mm) 

provides a reduction in total AC loss by a factor of three compared to the control sample (which has 
no twist), and that the Silver/Antimony alloy tape (P = 4 mm) provides a reduction in total AC loss 
by a factor of five. 

[0098] Superconducting devices require active cooling to keep them in their optimum 
25 operating temperature range. To provide this cooling sophisticated and well developed refrigerators 
are used, generally referred to as cryo-coolers. The heat taken away by a cryo-cooler from a device 
is called the cooling power of the device expressed in Watts. The electrical energy required from 
the power socket to provide that cooling power, (expressed in Watts), is a certain factor (the so 
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called 'cryogenic penalty') times the cooling power. For an application at 77 K, that factor is about 
15, but it can be as high as 22. A factor of 15 will be used here to illustrate. 

[0099] It has been found that by reducing the Superconducting losses in the windings 
provides substantial savings in the necessary cooling power. 
5 [0100] An example employing interleaving follows. Particularly, in a 100 kW three phase 

transformer, with an iron core, operating at a 60% average load with an efficiency of 99%, the 
superconducting losses are split between iron loss and winding losses. By employing primary and 
secondary windings, each including three substantially concentrically nested axially extending 
windings, the superconducting losses are reduced from approximately 20 Watts to about 2.5 Watts. 

10 [0101] If this transformer is cooled by liquid nitrogen, the consumption is reduced from 

approximately 8.66 kilograms per day to approximately 1.08 kilograms per day. In an open system, 
this corresponds to approximately 12.5 litres of liquid nitrogen per day. 

[0102] Assuming there exists a cryogenic penalty factor of 15 for liquid nitrogen from 
77 K to 300 K, the power savings would be in the order of 262.5 Watts. (That is (20-2.5)* 15 = 

15 262.5 Watts). Further, as the transformer increases in size, the power savings also increase 

approximately linearly. For example, a 1 MVA transformer provides a saving of approximately 
100 litres per day of liquid nitrogen and the cooling plant size required is reduced by 2.7 kW. 

[0103] In addition to Superconducting losses, energy loss from current leads and heat 
leakage from external surroundings will also affect the cooling plant consumption. Assuming 

20 that the immediately above-described transformer includes a current lead leak of 0.045 WA' 1 per 
lead, where four leads are required, and a cryostat includes a heat leak of 5 Watts, then the 100 
kVA transformer described above has 23 Watts of heat leak and approximately 20 Watts of 
superconducting losses. This represents a total loss of 43 Watts into the liquid nitrogen, which 
represents a requirement of approximately 645 Watts of cooling power at room temperature. By 

25 employing three nested windings and therefore reducing the superconducting losses in the 
windings to just 2.5 Watts in the primary and secondary windings, the total cooling power 
required is reduced to just 375 Watts, which represents approximately a 60% saving in the total 
cooling power rating. Clearly, no extra benefit from reduction in the winding losses can be 
obtained through twisted filament or novel superconductor because the power rating is too small 
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and the background heat leak from the cryostat and the leads form a significant part of the loss, 
so twisted filament superconductor would not be used in this case. 

[0104] In very large power transformers, Hysteresis losses are the most significant 
component. In general, as the power rating of the transformer increases the losses will increase, 
5 and the magnetic field impinging on the windings will also increase because there are more 
windings and the current is higher. For example, in a 26.5 MVA case study (an average power 
rating for a zone sub-station transformer), the superconductor loss of a non-nested primary and 
secondary coil set is of the order of 50 kW, and the magnetic field is of the order of 300 mT - 
these figures were calculated using a combination of FEM software modelling (Finite Element 

10 Methods) and in-house software. (The losses from leads and the cryostat are negligible 

compared to this factor.) Assuming a cryogenic penalty of 15 as discussed above, the power 
rating of the cryo-cooler would be 750 kW (50 x 15) - a significant power consumption 
compared to the device rating. By employing three levels of nesting, and reducing the magnetic 
field to 38 mT, the superconductor loss is reduced to 6.25 kW (that is, without using twisted 

15 filament tape) and the cooling power reduced to 93.75 kW (coming from 6.25 x 15 - it is reduced 
'to 5 this, not 'by' this amount). 

[0105] By further employing twisted filament tape configured for reduced losses at or 
near 38 mT, the superconductor loss could be reduced to 1.04 to 3.125 kW (depending on the 
specifics of the design of the superconductor - the exact twist pitch and matrix material decided 

20 on by the design engineer after considering all the design factors). Further, the cooling power 
required is, therefore, reduced to between 15.6 to 46.875 kW, which represents a significant 
saving in capital and footprint compared to a 750 kW cryo-cooler. 

[0106] The above example shows clearly that the application of either the art of nesting 
windings, or the art of using twisted filament superconductor alone will not result in a transformer 

25 with the lowest superconducting losses possible and therefore will not be of the highest efficiency 
possible. Only the combined action of an appropriate level of nesting, and the use of an appropriate 
low ac loss superconductor designed and manufactured according the degree of nesting, will result 
in the highest possible transformer efficiency. 
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[0107] If the nesting part of the present invention were applied to a conventional 
transformer having normally conductive windings such as copper, the maximum savings in 
Superconducting losses would equate to approximately 10% (that is, there is no equivalent art of 
twisting in conventional transformers because the conductors do not contain filament). This figure 
5 represents a portion of superconducting losses in these transformers that actually occur as a result of 
the stray field impinging on the non-superconducting conductors and is characterised entirely as 
eddy current loss. In these conventional transformers, joule heating in the winding contributes to 
more than 90% of the total winding losses. Therefore, although it would be practical to apply the 
nesting technique to conventional transformers, the advantage achieved is minimal when the cost of 

10 implementation is considered. That being said, in certain high frequency applications, such as 400 
Hz transformers used in military applications for radar power supplies, the reduction in copper eddy 
current losses (which increase with the square of the frequency) may justify the division of the 
windings into multiple sets as is described here. 

[0108] Some graphical results of a 100 kVA transformer according to the embodiment of 

15 the invention illustrated in Figure 1, whose windings are formed from BSCCO-2223 high 
temperature superconducting tape, are shown in Figure 7. The upper data corresponds to a 
superconducting transformer having only one pair of axially extending windings which are formed 
from superconducting tape and concentrically nested inside each other. The lower curve 
corresponds to the embodiment illustrated in Figure 1. A reduction in the magnetic field impinging 

20 on the superconducting windings of the present invention of approximately 50% is observed. 

[0109] Figures 8 and 9 respectively provide additional indicative measurements of the 
magnetic field for a preferred embodiment and the prior art. 

[0110] The Superconducting losses in the windings are calculated to be approximately 63 
Watts at 300 K and 4.2 Watts at 77 K. This is compared with a conventional superconducting 

25 transformer that has an AC loss of and 7.3 Watts at 77 K. Further, it may be estimated that 

including three axially extending substantially concentrically nested coils provides a reduction in 
Superconducting losses from 1 10 Watts in the conventional transformer to 30 Watts. 



22 

[0111] Although the invention has been described with reference to specific 
embodiments and examples, it will be appreciated by those skilled in the art that the invention 
may be embodied in many other forms. 



